The clinical utility of next-generation sequencing (NGS) for a diverse range of targets is expanding, increasing the need for multiplexed analysis of both DNA and RNA. However, translation into daily use requires a rigorous and comprehensive validation strategy. The aim of this clinical validation was to assess the performance of the Ion Torrent Personal Genome Machine (IonPGM ™ ) and validate the Oncomine ™ Focus DNA and RNA Fusion panels for clinical application in solid tumour testing of formalin-fixed, paraffin-embedded (FFPE) tissue. Using a mixture of routine FFPE and reference material across a variety of tissue and specimen types, we sequenced 86 and 31 samples on the Oncomine ™ Focus DNA and RNA Fusion assays, respectively. This validation considered a number of parameters including the clinical robustness of the bioinformatics pipeline for variant detection and interpretation. The Oncomine ™ Focus DNA assay had a sample and variant-based sensitivity of 99.1 and 97.1%, respectively, and an assay specificity of 100%. The Oncomine ™ Focus Fusion panel had a good sensitivity and specificity based upon the samples assessed, however requires further validation to confirm findings due to limited sample numbers. We observed a good sequencing performance based upon amplicon, gene (hotspot variants within gene) and sample specific analysis with 92% of clinical samples obtaining an average amplicon coverage above 500X. Detection of some indels was challenging for the routine IonReporter ™ workflow; however, the addition of NextGENe® software improved indel identification demonstrating the importance of both bench and bioinformatic validation. With an increasing number of clinically actionable targets requiring a variety of methodologies, NGS provides a cost-effective and time-saving methodology to assess multiple targets across different modalities. We suggest the use of multiple analysis software to ensure identification of clinically applicable variants.
Introduction
Personalised medicine for the treatment of cancer provides directed therapy for patients based upon the genetic and epigenetic alterations of their disease. This requires laboratories to provide rapid assessment of the molecular landscape of the tumour to enable informed treatment decisions. Many of the current clinical testing algorithms are laborious, with multiple tests performed separately for a single patient. Nextgeneration sequencing (NGS) enables the testing of multiple genes, from multiple patient samples across dual modalities in one assay. The Ion Torrent NGS system is compatible with FFPE tissue which is currently routine processing of pathology specimens [1] and requires minimal nucleic acid input Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00428-018-2411-4) contains supplementary material, which is available to authorized users.
(10 ng total of DNA or RNA) which is beneficial for testing frequently very small, diagnostic samples.
With increasing affordability enabling the implementation of NGS into clinical laboratories, validation of both assay and bioinformatic analytical pipelines are the primary challenges clinical laboratories face. To comply with ISO15189 accreditation [2] , validation of the detection of somatic variants must, as a minimum, assess limit of detection, analytical sensitivity and specificity, repeatability and reproducibility and set appropriate thresholds and quality control parameters for reliable analysis of clinical specimens. Validation must also include the handling of large amounts of data produced by multi-gene panels [3] .
This study presents the validation of the Oncomine and RNA assay comprises two separate panels (DNA and RNA) which were designed to interrogate hotspot mutations (35 genes), copy number variations (19 genes) and gene fusions in 23 genes. Combined, these two panels can identify current actionable genetic variants and potential future targets for personalised therapy.
Materials and methods

Sample selection
Seventy-eight anonymised FFPE tissues comprising of melanoma (n = 18), colorectal cancer (CRC) (n = 28), non-smallcell lung cancer (NSCLC) (n = 22) and gastrointestinal stromal tumours (GIST) (n = 10) were processed from a range of specimen types: resections (n = 57), biopsies (n = 13), cell blocks (n = 6), fine needle aspirate (FNA) (n = 1) and polyps (n = 1). Neoplastic content was assessed and ranged from 20 to 90% as determined by a pathologist. AKT1,  ALK, AR, BRAF, CDK4, CTNNB1, DDR2, EGFR, ERBB2,  ERBB3, ERBB4, ESR1, FGFR2, FGFR3, GNA11, GNAQ,  HRAS, IDH1, IDH2, JAK1, JAK2, JAK3, KIT, KRAS,  MAP2K1, MAP2K2, MET, MTOR, NRAS, PDGFRA,  PIK3CA , RAF1, RET, ROS1 and SMO; however, not all genes were assessed for the purposes of this validation. The RNA panel can identify rearrangements in ALK, RET, ROS1,  NTRK1, NTRK2, NTRK3, FGFR1, FGFR2, FGFR3, MET,  BRAF, RAF1, ERG, ETV1, ETV4, ETV5, ABL1, AKT3, AXL 
Results
Oncomine ™ focus DNA panel
Sequencing performance
Of the 78 FFPE samples, for 4 samples (exclusively NSCLC), no amplicons were covered to 500X (minimum criteria for this validation) and were considered failed samples. All failed samples had an input DNA concentration below 2.34 ng/μl; however, not all samples below this DNA input failed sequencing. No relationship between DNA concentration and amplicon coverage was identified.
The overall panel performance was assessed by average amplicon (n110) coverage across all cases (n78). The majority (99%) of all amplicons were covered on average to a minimum of 500X. The PIK3CA amplicon, CHP2_PIK3CA_6, which covers nucleotides in the later portion of exon 8 was the only amplicon with an average coverage below 500X across all cases (Fig. 1a) . A high variability in amplicon coverage within and between gene variants (n35) was observed across the combined study cohort. For example, intra-gene variation in EGFR amplicon coverage across eight amplicons ranged from Median (Md) 686-4853, inter-gene variation in PIK3CA exon 8 (Md 327) and KIT exon 11 (Md 4008) (Fig. 1b) . A trend was observed between median amplicon coverage and amplicon length (Spearman's rho; p = 0.072) and between mean amplicon length and amplicon GC content (Spearman's rho; p = 0.071).
The average amplicon coverage per sample was also assessed; 89.7% (70/78) of all samples had an average amplicon coverage above 500X. A large proportion of samples (62/78, 79.4%) had an average amplicon coverage for the Oncomine Focus assay between 500 and 3000X (Fig. 2) . No significant association between DNA concentration, sample type or tissue type could be identified in the seven samples exceeding an average amplicon coverage of 3000X.
Sample performance using the Focus panel was assessed based upon the proportion of amplicons reaching a minimum of 500X coverage for all amplicons and target amplicons, respectively. All amplicons were covered to a minimum of 500X in 12.8% of samples, and all had an input DNA concentration above the recommended 10-ng total input (range 1.97-125.5 ng/μl). Sixty-four samples (82%) had a proportion of amplicons covered to a minimum of ×500 (range 4.5-99.1%, Md 90%). Of the target amplicons (Table 1) , 19 (24.4%) samples had all target amplicons covered to a minimum of 500X, all cases of which had an input DNA concentration above the recommended 10-ng input (range 1.29-125 ng/μl). Seventy four (94.9%) had a proportion of target amplicons covered to and 3000X. Seven samples exceeded 3000X coverage with a maximum 6707X coverage. Eight samples had average amplicon coverage below 500X with two samples failing to sequence any genes Sequencing performance metrics (total mapped reads, average amplicon coverage, percentage of all amplicons ≥ 500X, percentage of target amplicons ≥ 500X). Metrics are presented by tissue type and specimen type. Mean values are reported. A significant difference in % target amplicons at 500X between tissue type was identified; however, adjustment for false discovery rate (FDR) using Bonferoni correction deemed this not significant (Kruskal-Wallis p = 0.033; n78). There was however a trend in NSCLC samples having a lower percentage of amplicons at ≥ 500X than the other tissue types a p value significant at 0.05. For specimen type analysis 2 samples, one fine needle aspirate and one polyp were excluded from statistical analysis due to limited numbers of samples of this type. Coefficient of variation stated for total mapped reads and average amplicon coverage a minimum of 500X (range 2.9-97.1%, Md 88.2%). Based upon mean sequencing performance metrics, there was no significant difference in average amplicon coverage, total mapped reads or percentage of amplicons at 500X between samples based upon tissue type or sample type (Table 2) . Tissue-specific sequencing performance was assessed by the percentage of target amplicons (specific to tissue type; Table 1 ) with minimum 500X depth of coverage per sample; 35 samples (44.8%) had all target amplicons covered to minimum 500X. GIST and melanoma samples had a greater proportion of samples achieving minimum 500X for all target amplicons (80 and 61.1%, respectively). Melanoma and GIST had the highest average percentage of tissue-specific target amplicons at 500X (per sample) (91.3 and 90.3%, respectively) whilst CRC and NSCLC had 78.8 and 68.4%, respectively.
Limits of detection
The limit of detection (LOD) were ascertained by repeated sequencing of the AcroMetrix ™ Frequency Ladder which was analysed at the three lowest expected allele frequencies (EAFs) (2.8, 5.4 and 11%) for the presence of variants across all three repeats (S2 file).
Of the target genes assessed (Table 1) , all (7) EGFR exon 21 variants failed to be detected at any of the three frequencies. These variants were reliably identified at 18.4% EAF; however, the observed variant allele frequency (VAF) was much lower than expected (average observed VAF 6.6%). Due to the pertinence of EGFR mutations in NSCLC, this was deemed an unsatisfactory LOD and required further investigation. Using the Horizon Discovery EGFR Gene specific multiplex reference standard (HD300) containing exon 21 variants, c.2582 T > A and c.2573 T > G at an EAF of 5%, all five variants (in addition to those above, c.2369C > T, c.2236_2250del and c.2155G > A) were detected at VAF between 4.5 and 6.2%, confirming a minimum LOD of 5% for the EGFR gene for these variants. LODs for BRAF, EGFR, KRAS and NRAS were 5.6% across all exons assessed and 11% for PDGFRA whilst KIT and PIK3CA demonstrated varying LODs depending upon exon assessed (Table 3) .
Of the variants assessable in the AcroMetrix ™ Frequency
Ladder, all variants in only one gene (GNA11) could be detected at the 2.8% EAF for all variants. Ten genes (40% of total genes identified) had all variants detected across triplicates at 5.4% EAF (ALK, BRAF, CTNNB1, EGFR, FGFR1, FGFR2, IDH1, KRAS, MET, NRAS and SMO). In addition to these, a further eight genes (76% of total genes identified) had all variants detected across all three runs at 11% EAF (AKT1, ERBB2, GNA11, HRAS, IDH2, JAK2, MAP2K1 and PDGFRA). LODs for all genes included in the AcroMetrix ™ Frequency Ladder are detailed in S2 file.
In addition, during LOD analysis, we identified observed allelic frequencies with an element of positive or negative bias across repeats; e.g. observed VAFs were consistently higher than expected in some genes (BRAF, EGFR, KRAS, NRAS and PIK3CA) and consistently lower than expected in others (KIT and PDGFRA).
Robustness
Library preparations and sequencing runs were performed four times using the AcroMetrix ™ Oncology Hotspot Control, which contained 146 targeted variants across 25 genes (S3 table) , to determine assay inter-run reproducibility. One-hundred and forty-three variants were detected across all runs. Using Ion Reporter ™ (IR ™ ) routine workflow, three false negatives were identified (FGFR3 c.1928A > G, PDGFRA c.1698_1712del15 and IDH2 c.474A > G) being absent from 2, 2 and 1 repeat, respectively. Conferring a routine workflow reproducibility for the variants assessed of 97.9%. The FASTQ files from the four repeats were further analysed by NextGENe® software (SoftGenetics®). Using this analysis, the variants that comprised the initial three false negatives from the IR routine workflow were identified in all four repeats; however, three different false negatives were produced using this analysis (MET c.3757 T > G, MET c.3778G > T and RET c.1894_1906 > AGCT) being absent from 1, 1 and 4 repeats, respectively (S3 file).
Intra-run repeatability was assessed by duplicate analysis of the 5.4% EAF (11/25) and 11% EAF (20/25) Acro-Metrix Hotspot Frequency Ladder samples containing 25 genes (hotspot variants within gene) comprising 140 variants; 44% (mean VAF 6.9%, CV 0.22) and 80% (mean VAF 11%, CV 0.22) repeatability was observed for all genes (hot spot variants within gene) at EAF levels 5.4 and 11%. On a variant basis for duplicate analysis of the 5.4 and 11% EAF, a repeatability of 96/140 (68.5%, mean VAF 6.6%, CV 0.22) and 132/ 140 (94.2%, mean VAF 10.6%, CV 0.23), respectively, was identified (S4 file).
For some variants, there was a large difference between the expected and observed VAFs demonstrating a positive or negative bias, thus preventing accurate VAFs to be derived. This was observed at both inter-and intra-gene level (Figs. 3 and 4) . Variant-based assay specificity was assessed on 157 alternate variant negative genes (hot spot regions previously assessed) and conferred a 100% sensitivity with no false positives identified in hotspot regions assessed. Analytical assay specificity was determined based on the analysis of 77 FFPE samples; no false positives were detected conferring 100% analytical specificity. Overall, we identified a positive predictive value of 100% and a negative predictive value of 97.5%.
Analytical sensitivity and specificity
Bioinformatic performance
Of the false negatives identified in sensitivity analysis, sample 6 was previously validated using Sanger sequencing and contained a KIT c.1652_1663del p.Pro551_Val555delinsLeu mutation. This variant was absent in the initial output from Ion Reporter ™ ; adjustment of analysis parameters and re-analysis resulted in successful identification of the variant, indicating that this mutation had been successfully sequenced but filtered out by the bioinformatics pipeline. The presence of the variant was confirmed by analysis of the FASTQ file with NextGENe® software (SoftGenetics®). Sample 71 that contained a second kit mutation c.1676_1694delinsA Due to a number of clinical targets residing within KIT and PDGFRA genes involving indels, we sequenced a further five cases with known indels. Using the normal Ion Reporter ™ workflow for Oncomine DNA single sample analysis, 1/5 (20%) variants were identified. One additional variant was identified using a modified Ion Reporter ™ workflow (softclipping parameters were decreased to enable greater sensitivity at ends of reads), three remained unidentified. The FASTQ files from these samples were analysed via NextGENe® software (SoftGenetics®), whereby 3/5 (60%) variants were successfully identified (Table 5) . No additional false positives were identified using these workflows. Basic detection parameters, i.e. minimum SNV coverage and SNV allele frequency, were comparable between the two analysis software. No single workflow successfully identified all five variants. Six variants were identified with incorrect nomenclature by the Ion Report algorithm 5.0. Validation and correction of these calls was carried out using NextGENe® v2.4.2 (SoftGenetics®) and Alamut Visual v.2.7.1 (Interactive Biosoftware). A large proportion of nomenclature inconsistences were limited to deletions, insertions and duplications (Table 6 ).
Oncomine
™ RNA fusion panel 
Discussion
With an increasing requirement of clinical laboratories to perform multiple gene testing in both DNA and RNA, NGS panels designed for FFPE material provide a solution. Many commercially We validated the assay on both wet bench and bioinformatics processes across a broad spectrum of validation parameters including sequencing performance, analytical sensitivity and specificity, reproducibility, repeatability, robustness and limit of detection. A number of guidelines for the application of NGS sequencing and analysis clinical testing are available; however, a general consensus as to validation size, its application in the somatic setting and how parameters are assessed remains difficult to elucidate [6, 7, 11] . This validation was conducted using samples representative of the clinical samples routinely processed on site at the Royal Infirmary of Edinburgh including NSCLC, CRC, Melanoma and GIST. The main aim of the validation was to determine the overall applicability of the Ion PGM and Oncomine ™ Focus Panel for DNA and Oncomine ™ Fusion
Panel for RNA to routine clinical testing. The appeal of the Oncomine ™ Focus panel for clinical application is the requirement of a small starting input of DNA, which is particularly applicable when tissue availability is limited for example with NSCLC specimens.
Overall, we observed good amplicon coverage and sequencing performance for the Focus panel; however, sub-optimal performance for specific cases could not be associated with either sample or tissue type and may be derived from pre-processing procedures, prior to reaching the testing facility. Inadequate sample fixation and the type of fixative used have been shown to have an impact on DNA/RNA quality and the performance of downstream molecular procedures [12, 13] . For our FFPE sample cohort, we identified a clinically suitable analytical sample sensitivity and specificity of 100%, which is comparable with studies of similar panels and platforms [14, 15] . We did identify differences in the performance of variant identification between SNVs and indels, with the detection of indels presenting a greater challenge for routine bioinformatic workflows in comparison to SNV detection; this has been previously identified in a number of studies. In order to commence integration of NGS into routine clinical testing algorithms, parallel testing using both single-gene methods and NGS for prospective cases may be implemented to further cement the findings from this initial validation.
The applicability of the Oncomine ™ Focus panel was easier to assess due to the wide range of clinical material available for validation. Two of the 78 samples assessed for this validation were below the minimum input requirements for the assay of which one sample failed to sequence any amplicons. The DNA quantification kit used in this study is known to lack precision below 5 ng/μl, which comprised 32 (41%) of the total samples assessed by the DNA panel. For future assessment of DNA quantification, the Qubit dsDNA HS Kit (Thermo Fisher Scientific), which has been shown to be sufficient in determining sample DNA concentration for NGS, would be a more sensitive method to better assess sequencing performance in relation to DNA input [8, 16] . To explore the clinical impact minimum DNA input requirements of the assay has on the number of cases which would be applicable to this method, an audit was carried out on 865 clinical samples for which DNA concentration had been quantified previously prior to testing using current routine methods. Ninety percent of cases would be considered applicable to sequencing by the Ion PGM platform with DNA concentrations greater than the 10 ng total requirement of the assay. Of those that would be below this threshold, 65% are derived from NSCLC samples. We successfully sequenced 94.8% of samples in our FFPE validation cohort, which is comparable with other studies [10, 17] . A number of previous studies validating NGS platforms for solid tumour application have used 500X coverage as a minimum coverage criterion, which theoretically provides sufficient coverage to detect a 2% MAF, although coverage below this can be informative when variant alleles are at a higher frequency [3, 11, 18] . A broad range in average amplicon coverage was observed at both the inter-and intra-gene level. We hypothesise that amplicons with lower average amplicon coverage could be more affected by amplification-associated issues such as comprising highly repetitive sequences resulting in reduced PCR proficiency and quality for subsequent sequencing [11] .
Non-small-cell lung cancer comprises a large proportion of the clinical workload within molecular pathology at the Royal Infirmary of Edinburgh, with the requirement of the assessment of multiple targets via a variety of methods supporting the application of multi-gene panels on NGS systems. From this validation however, NSCLC would appear to be the most challenging cases within the validation cohort with respect to meeting the initial demands of DNA input through to sequencing performance. Samples from this tissue type had the lowest percentage of all amplicons and target amplicons covered to a minimum coverage of 500X with the four samples failing to sequence any amplicons being exclusive to NSCLC. Studies involving assessment of NGS application for NSCLC have reported similar findings [9] . Despite that coverage below 500X can be informative when variant alleles are at a higher frequency, the findings from this validation demonstrate a higher degree of difficulty in the identification of lower-frequency variants in those amplicons which are below 500X coverage. For example using a minimum variant coverage of 10X in order for a variant call to be made by IonReporter ™ , coverage of 200X would be sufficient (assuming good quality reads) of detecting an alternate variant at approximately 5% frequency. The challenges presented by this sample group in terms of meeting input requirements and deriving quality sequencing data put pressure on meeting the clinical demands of returning timely results if repeat testing is required due to failed samples.
Current methods for NSCLC testing (qPCR, pyrosequencing and FISH) enable results to be published to clinicians from the site of this validation within 5 days. To achieve a balance between cost per sample and time to results, turnaround times would be required to be increased from 5 to a minimum of 10 days. In order to meet testing demands, urgent requests will continue to be assessed using single-gene tests. Based upon the reduced sequencing performance of NSCLC in this validation, further validation to identify an accurate optimal threshold of sample quality prior to input will be required in order to triage samples more likely to fail and test these using single-gene test methods. NSCLC samples showed a high failure rate when assessed using the Fusions RNA panel which we hypothesise may be attributed to a higher proportion of larger samples in our validation cohort. In addition, this may also be as a result of sample processing methods prior to molecular testing such as length and extent of fixation of sample [19] . In addition to the issues identified with sequencing performance of NSCLC specimens, we also identified issues in determining LODs for exon 21 of EGFR when using the AcroMetrix ™ Oncology Hotspot Control. This exon is pertinent to NSCLC as it is required for the assessment of patient suitability for treatment with tyrosine kinase inhibitors such as erlotinib (Tarceva®). Detection of EGFR exon 21 variants using the AcroMetrix ™ Hotspot Frequency Ladder gave surprisingly high LODs, comparable to those produced by Sanger sequencing. To further explore the LODs of this exon using an additional reference standard, we confirmed that the clinically required variants were detectable at 5% VAF. The challenges faced with ascertaining LODs in this validation study highlight the importance of using multiple types of reference material to gauge LODs on a per exon basis. The use of the AcroMetrix ™ Hotspot Frequency Ladder enabled us to assess limits of detection across a broad range of genes and variants in one sample which would otherwise be a costly and time-consuming process. Our assessment of LODs using this reference standard demonstrated inter-and intra-gene variability from the EAFs. This highlights the unsuitability of this platform for the accurate reporting of VAFs and the importance of validating LODs on a wide range of variants if clinical targets span a number of amplicons as LODs may differ by exon [20, 21] . Variation in the observed VAF and EAF was identified, which varied depending upon the gene and exon assessed. In addition, during LOD analysis, we identified observed allelic frequencies with an element of positive or negative bias across repeats; e.g. observed VAFs were consistently higher than expected in some genes and consistently lower than expected in others. We hypothesise that this could be caused by a number of factors including library preparation and sequencing, location of targets within the gene or the surrounding context of the content to be sequence, i.e. large homopolymer regions. The quality of DNA input into the assay may have a large impact on the allelic frequencies observed following sequencing due to the nature of AmpliSeq technology. We are unable to determine the extent of duplicate reads in our final product prior to sequencing using our current protocols and are therefore unable to deduce whether this has impacted the observed 'bias'. Improvements in DNA quantitation using more sensitive methods as mentioned and assessment of DNA quality by methods such as the ProNex® DNA QC Assay (Promega, NG1002) prior to library preparation would enable control of DNA input quality and to triage samples most applicable to this analytical procedure. In addition, more recent improvements in AmpliSeq panels have resulted in the incorporation of tag-based sequencing in which DNA is barcoded prior to PCR, enabling the identification of duplicate reads. The incorporation of this into the current workflow may negate the current inaccuracies in extrapolating VAFs from this assay. During the validation process, the need to validate bioinformatic pipelines using multiple software providers became apparent. Despite a large proportion of indels being identified by the IonReporter ™ routine analysis algorithm, we did identify issues in the routine Ion Reporter ™ analysis algorithm for the detection of some indels, a type of variant known to present a challenge for NGS analysis [22] . Both false negatives identified in sample sensitivity analysis were indels in KIT, which failed to be identified by the routine Ion Reporter ™ analysis workflow. Adjustment of analysis parameters, namely soft-clipping (the indel was located at the end of amplicon), enabled the successful detection of one indel by the Ion Reporter analysis software. FASTQ files from both indels were further analysed using NextGENe® software (SoftGenetics®) and were successfully identified. Further investigation into indel identification demonstrated that neither Ion Reporter ™ nor NextGENe® was 100% successful in identification of five indels we ran. Further validation of this bioinformatics workflow, i.e. IonReporter ™ routine workflow followed by NextGENe® workflow with the same detection parameters on prospective samples, will be required to ensure suitability of the workflow in identification of clinically applicable variants. We believe that this demonstrates the importance of robust and appropriate validation of the bioinformatics pipeline for clinical application and the use of multiple analysis software to ensure detection of all types of variants. We also noted a number of incorrect nomenclature calls on identified variants. We suggest that reporting of NGSderived results should be made by individuals experienced in the platform, bioinformatics and clinical application of data derived.
In conclusion, with an increasing number of clinically actionable targets requiring a variety of methodologies, an NGS test becomes the more viable option in terms of cost, time and availability of material. For example, within our clinical setting, NSCLC samples now require a plethora of testing across multiple modalities: ALK IHC, ALK FISH, ROS1 IHC, ROS1 FISH, PDL1 IHC and PCR for EGFR and KRAS from normally small biopsies with limited material available. NGS enables the assessment of multiple targets using limited input material. The challenge clinical laboratories face is in how much future proofing is appropriate. Here, we have demonstrated that a balance is required between testing current clinically relevant targets and ensuring additional targets which do not currently have clinical utility are a suitable trade-off for sequencing space. It is important to take into account the costly and time-consuming validation/verification process following assay changes when deciding on the size of panel to be implemented into clinical practice.
